Background
Segmentation is a common mechanism employed during animal development as a means of subdividing tissues into metameric units along a body axis. In vertebrate embryos, a prominent example of segmentation occurs in the paraxial mesoderm, which is subdivided along the anterior-posterior (A-P) axis into metameric units called somites (reviewed in [1] ). Segmentation begins at the anterior end of the presomitic mesoderm (PSM) and passes, wave-like, down the axis of the embryo, generating somites at regular intervals. The generation of this repeating pattern of somite differentiation probably uses the genetic controls involved in the formation of other developmental compartments. Cells in the PSM are first patterned by selector genes that specify segmental identity, leading secondarily to differences required for segmental morphogenesis such as the formation of segmental boundaries. How cells are assigned to segments in the paraxial mesoderm and how this information is used to generate distinct morphological structures are unanswered questions in developmental biology.
Recent studies over the last several years indicate that segmental patterning of the PSM is mediated by components of the Notch signaling pathway, by the Hairy-like WRPW-bHLH proteins, and by bHLH transcription factors of the Mesp family (reviewed in [2] [3] [4] ). These genes are expressed within the PSM in dynamic patterns that prefigure the subsequent morphological changes associated with segmentation. Disrupting the activity of these genes in loss-or gain-of-function experiments alters the prepattern of segmental gene expression, leading subsequently to morphological defects in somite size and polarity. Current evidence indicates that these genes establish segmental identity within the PSM by carrying out functions predicted by the Meinhardt or clock-and-wavefront models of segmentation [5, 6] . These models require a segmental clock whose activity oscillates within the PSM with a periodicity corresponding to the time required to form a segment, and a molecular wavefront whose activity controls when cells initiate segment formation within the PSM. Oscillatory patterns of expression in the PSM have been reported for genes encoding the Hairy-like proteins and for components of the Notch signaling pathway, indicating that these genes are regulated by the segmental clock or are part of the clock itself [7] . Indeed, when the activity of these genes is perturbed, the phenotypes produced are consistent with a role for these genes in establishing segmental identity. One role of the segmental clock may be to regulate the expression of genes encoding the bHLH proteins of the Mesp subfamily, which are expressed in a segmental pattern within the PSM (Thylacine1 in Xenopus, Mesp2 in the mouse, Mespa/Mespb in zebrafish, and Meso-1 in chick) [8] [9] [10] [11] [12] [13] . In Xenopus and zebrafish, these genes are expressed in only the anterior half of the prospective somites, and their expression is initiated within the PSM at exactly the point in time at which cells take on a segmental identity [9, 10, 12] . Thus, activation of Mesp gene expression by the wavefront, and restriction of their expression periodically by the output of a segmental clock, may be sufficient to specify segmental identity [14] . Based on this view, segmental identity would be encoded by the differential expression of the Mesp proteins, which specify segmental boundaries required for morphogenesis.
One feature of segmental identity revealed by the expression of the Mesp genes in Xenopus embryos is that segments form in the PSM in a repeating pattern of anterior and posterior half segments [12, 14] . This finding fits well with classical experiments in chick embryos, in which individual somites are compartmentalized into anterior and posterior halves [15, 16] . For example, when mixed, somitic cells isolated from the same halves mingle freely, whereas those from different halves segregate from each other. These observations suggest that segmental patterning should influence segmental morphogenesis by establishing a pattern of differential cell adhesion between anterior and posterior half segments. This view would be analogous to developmental compartments in Drosophila, where establishment of a compartmental identity establishes boundaries that restrict the crossing of cells between compartments [17] . How compartmental boundaries are established in any developing system, however, remains poorly understood.
We have recently reported the isolation of a new member of the cadherin superfamily that is expressed within the PSM of Xenopus embryos [18] . This protocadherin, termed PAPC, is a potent cell adhesion molecule that promotes convergence and extension movements of cells in the paraxial mesoderm during gastrulation. Interestingly, during segmentation PAPC expression in the PSM becomes restricted to the anterior half of the prospective somites, the somitomeres [18, 19] . This expression pattern makes PAPC an excellent candidate for generating the differential cell adhesion required for morphological segmentation. Here, we have tested this model by a series of experiments that perturbed both the patterns of PAPC expression and its activity. The results suggest that the Mesp protein Thylacine1 causes the segmental expression of PAPC in the PSM, thus generating a pattern of differential cell adhesion required for segmental morphogenesis.
Results

Segmentation of PAPC expression follows that of the Mesp family and the Notch pathway genes
In Xenopus embryos, the expression of the Mesp and Notch pathway genes subdivides the PSM into two distinct regions. In the most posterior portion of the PSM, the expression of these genes is unsegmented, in a region referred to as the tailbud domain (TBD) [14] . Just anterior to the TBD, the expression of the Mesp and Notch genes becomes segmented into a pattern of stripes and gaps that demarcate four prospective somites (somitomeres; Figure 1a ). The expression of the Notch ligand X-Delta-2 and the Notch target gene ESR-5 is uniform in the TBD, but when segmentation occurs, their expression resolves into a pattern of stripes and gaps corresponding to anterior and posterior half segments, respectively ( Figure 1a ) [14] . Members of the Mesp family of bHLH genes also follow this pattern of expression but are expressed in just one of these two regions. One family member, called Mespo, is expressed uniformly within the TBD but not in the somitomeric region, whereas another family member, Thylacine1, is not expressed in the TBD but is expressed along with the ESR genes and X-Delta-2 in the anterior half of somitomeres 1 and 2 ( Figure 1a ) [12, 20] . The expression of all these genes is lost by somitomere 4, which then undergoes rotation to form the next somite.
PAPC expression was previously shown to occur in the PSM of Xenopus embryos in a pattern of stripes that roughly corresponds to the anterior half of the future somites [18] . Because this expression pattern was reminiscent of the genes described above, whole-mount in situ hybridization was used to compare the expression pattern of PAPC to that of X-Delta-2, Thylacine1, and Mespo. To make this comparison as accurate as possible, stage 20 embryos were bisected sagitally, and each half was processed separately for in situ hybridization with one of two probes. Figure 1 shows the results obtained when the embryo-halves stained for PAPC expression were realigned with the other half stained with Thylacine1 (Figure 1b,c) , with X-Delta-2 (Figure 1d ), or with Mespo (Figure 1e ). In the posterior PSM, the domain of PAPC expression corresponds to the posterior expression of Mespo. In the somitomeric region, the stripes of PAPC expression lined up with the stripes of Thylacine1 and X-Delta-2 expression, confirming the previous report that PAPC expression occurs in anterior half segments. However, in contrast to both X-Delta-2 and Thylacine1, expression of PAPC is continuous in somitomere 1 and only begins to evolve into a stripe and gap pattern of expression in somitomere 2, which is then fully formed in somitomere 3 (Figure 1b-d ; somitomere 1 is marked by an arrow; diagrammed in Figure 1a ). As each somite is born approximately every 45 minutes at room temperature in Xenopus, these results indicate that PAPC becomes segmentally expressed about 45 minutes after the segmental expression of Thylacine1 (Figure 1a ). Taken together, the results indicate that segmental PAPC expression is restricted to anterior half segments and may arise as an early downstream consequence of the mechanisms that establish a segmental pattern in Xenopus embryos.
Segmental PAPC expression is established downstream of segmental patterning
The relationship between PAPC expression and segmental patterning of the PSM was examined further by assaying PAPC expression in embryos treated for brief periods of time with an inhibitor of protein synthesis, cycloheximide (CHX). When de novo protein synthesis is blocked with CHX, the segmental expression of X-Delta-2, Thylacine1, and ESR-5 is rapidly lost [14] . Similarly, segmental expression of PAPC was also lost in embryos treated for brief periods of time with CHX. As with the other genes expressed in the anterior half segments, CHX treatment resulted in an increase in the expression of PAPC in the posterior half segments (Figure 2g ), indicating that segmental PAPC expression is established in part by a mechanism requiring de novo protein synthesis which represses its expression in posterior half segments. In addition, the slight increase in PAPC expression that normally occurs in anterior half segments was also lost in CHX-treated embryos (Figure 2g ).
Both of these changes in the segmental expression of PAPC could be relatively indirect, as the segmentation of PAPC expression occurs one somitomere after the expression of Notch pathway genes segments in somitomere 1, as shown above (Figure 1a ). To test this idea, we took advantage of the observation that the segmental expression of the Notch genes is lost progressively after the start of CHX treatment: only the gap in somitomere 1 is lost after 1 hour of CHX treatment, whereas that in somitomere 2 requires 2 hours of treatment, and so forth. Thus, if PAPC expression is responding to the segmental expression of the Notch pathway genes, which is first established in somitomere 1, then it should take longer for its expression to change in response to CHX treatment. Indeed, the segmental expression of PAPC was after 3 hours of CHX treatment ( Figure 2g ). These results indicate that segmental expression of PAPC, like that of the Notch pathway genes, depends on a mechanism that periodically represses its expression in posterior half segments. Moreover, the temporal response of PAPC expression to CHX treatment indicates that its segmental expression pattern is established indirectly by CHX-sensitive events that occur in somitomere 1.
PAPC expression in recovered, CHX-treated embryos
The relationship between PAPC expression and segmental patterning was also examined in embryos that were treated briefly with CHX, washed and allowed to recover for 4-12 hours. Embryos treated in this way developed normally relative to control embryos by external criteria, but did not segment. For example, the outgrowth of the tailbud region in recovered CHX-treated embryos was indistinguishable from that of untreated embryos.
Nonetheless, when the recovered CHX-treated embryos were examined up to 12 hours later by staining with a myotomal cell marker, their paraxial mesoderm had not recovered the ability to form segmented somites (see below). In addition, when embryos were treated with CHX for 1 hour and allowed to recover for 4 hours, the expression of Thylacine1, and X-Delta-2, was localized to an appropriate A-P domain of the PSM, but was continuous rather than subdivided into a pattern of stripes and gaps (Figure 3e,f) . Similarly, PAPC expression in these embryos also was continuous throughout the PSM, although its anterior limit of expression was approximately normal (Figure 3h ). Finally, Hairy2A, whose expression normally occurs in posterior half segments [21] , is completely lost in these embryos (Figure 3g ). Thus, brief treatment with CHX irreversibly removes periodic repression required for the establishment of posterior half segments, resulting in a loss of segmental expression of the Notch pathway genes and the segmental expression of PAPC.
Interestingly, CHX treatment for just 40 minutes resulted in similar segmentation defects, but only in about half of the treated embryos, leaving the rest with normal segmentation (n = 83). The mixed population of all-or-none phenotypes indicates that the de novo protein synthesis that generates the next round of periodicity is occurring in a specific window within one cycle, and in a population with asynchronized segmentation, only those at this window would be affected. In other words, these results indicate that segmentation clock is partly composed of a periodic feedback loop requiring de novo protein synthesis. The loss of periodic repression after the pulse of CHX treatment suggests that periodic protein synthesis is necessary for the periodic repression that produces a half-segmental pattern of gene expression in the somitomeric region. We conclude that periodic repression is a key factor in generating a half-segmental pattern of gene expression in the somitomeric region that controls the segmental pattern of PAPC expression.
PAPC expression in the PSM is repressed by Notch signaling and activated by the Mesp proteins
One mechanism responsible for the repression of Notch pathway genes during the formation of somitomere 1 is likely to be negative feedback via Notch signaling [14] . For example, when a DNA-binding mutant of Su(H)called Su(H) DBM is used to block Notch signaling in the PSM, the expression of X-Delta-2 and Thylacine1 expands, resulting in one large stripe of expression in the somitomeric region [14] . Conversely, when the intracellular domain (ICD) of the X-Notch-1 receptor is used to constitutively activate Notch signaling in the PSM, the stripes of XDelta-2 and Thylacine1 expression in the somitomeric region are eliminated [14] . In embryos injected with Su(H) DBM and ICD RNA, the expression of PAPC changed in accordance with the idea that its expression is regulated in a similar manner by Notch signaling (Figure 4a,b) . The gaps in the expression of PAPC were filled in in embryos in which Notch signaling was inhibited using Su(H) DBM , whereas the expression of PAPC was lost in embryos in which Notch signaling was constitutively activated using ICD (Figure 4a,b) . Thus, the segmental expression of PAPC requires Notch signaling, which acts to repress its expression in posterior half segments.
The expression of PAPC in the somitomeric region follows closely that of Thylacine1 except with a one-somitomere delay. Thus, one possibility is that segmental patterning establishes the expression of Thylacine1 in somitomere 1, which in turn would be responsible for activating the expression of PAPC segmentally in older somitomeres. In addition, PAPC expression in the TBD overlaps with that of Mespo (Figure 1e ). Thus, Mespo is situated to activate the expression of PAPC posteriorly in the TBD, whereas Thylacine1 is expressed in a region needed to take over after Mespo in order to activate PAPC in the anterior half segments in the somitomeric region ( Figure 1a ). To test this possibility, we examined PAPC expression in embryos that ectopically expressed Thylacine1 and Mespo (Figure 4c,d DN-PAPC RNA were allowed to develop to early tadpole stages (stage 24) and then stained with an antibody, 12/101, which stains myotomal cells. Approximately 30% of the embryos injected with DN-PAPC RNA failed to gastrulate normally, presumably because PAPC has an early role in the convergence-extension movements of gastrulation [18] . However, of the remaining embryos that escaped this effect and completed gastrulation, 35% showed segmentation defects in the DN-PAPC-injected sides (Figures 5a,b , n = 162, three independent experiments).
During somite formation in Xenopus, the somitomeric cells normally undergo a coordinated movement in which they rotate as a unit by 90°, thereby realigning along the A-P axis of the embryo. By contrast, in embryos injected with DN-PAPC RNA, the coordinated rotation of somitomeric cells was disrupted (Figure 5c ) and the resulting somitic cells in the injected side were not organized into a segmental pattern but were fragmented instead (Figure 5b ). Proper rotation of the cells into a segmental unit can be scored by monitoring the position of the myotomal nuclei, which remain aligned during the rotation process and in the center of each formed somite (indicated by arrows in Figure 5c ). However, in DN-PAPC injected embryos, the alignment of the nuclei during and following rotation was lost, indicating that somite rotation and formation was severely abnormal.
We next asked whether differential adhesion, presumably produced by the stripes and gaps of PAPC expression, is required for somitomeric cells to undergo somite formation. To address this question, we expressed in embryos an activated form of PAPC, called M-PAPC, which was generated by removing the PAPC cytoplasmic domain. In cell mixing assays, M-PAPC is approximately ten-fold more potent than wild-type PAPC, indicating that the cytoplasmic domain negatively regulates PAPC activity [18] . Embryos were injected unilaterally with 100 pg M-PAPC RNA, and examined for segmentation defects as described above. A majority (65%) of M-PAPC RNA-injected embryos displayed severe defects in somite formation (Figures 5d-f , n = 86, two independent experiments). This defect was evident both from staining with 12/101 as well as from the alignment of myotomal nuclei revealed by Hoechst staining (Figure 5f ). In sum, these results indicate that either too little or too much PAPC activity leads to defects in somite rotation and morphology.
PAPC activity may regulate somite rotation
Although both M-PAPC and DN-PAPC alter segmental morphogenesis, the phenotype produced in the two cases appear to be somewhat different. In the DN-PAPC injected embryos, the alignment of myotomal cells was fragmented into small units even during the rotation process. By contrast, in the M-PAPC-injected embryos, the appearance of the myotomal cells suggested that they remained polarized in the medio-lateral direction (up-medial, down-lateral), rather than the normal anterior-posterior direction, suggesting that rotation had not occurred (compare Figure 5d,e) . Examining the arrangement of the myotomal nuclei in both of these cases using Hoechst staining further supports this interpretation. Compared with DN-PAPC injected embryos, in which the myotomal nuclei were fragmented into a chaotic pattern, the myotomal nuclei in M-PAPC injected embryos appeared to be retained in a pattern characteristic of the presomitic mesoderm (compare Figure 5c ,f). Thus these results raise the possibility that the somite rotation, which represents the first physical indication of segmentation, is dependent on a segmental pattern of PAPC expression within the PSM. A similar finding comes from examining the organization of somitic tissue in the recovered, CHXtreated embryos. As shown in Figure 3 , these embryos irreversibly lost the ability to segment the expression of PAPC (Figure 3h) . Moreover, when examined by staining with 12/101 or Hoechst, the PSM of these embryos failed to undergo somite rotation (Figure 5g-j) with close to a 100% penetration (n = 207, four independent experiments). Moreover, if CHX treated embryos were also injected with DN-PAPC RNA, the somitic tissue showed signs of fragmenting into smaller units (Figure 5i -l, n = 12). These results are an indication that segmental morphogenesis starting at somite rotation requires the differential activity of PAPC in the PSM.
PAPC mediated differential cell adhesion is required to maintain segmental gene expression in the PSM
The experiments described above indicate that PAPC activity alters somite morphology at an early stage in their morphogenesis. Moreover, early differential expression of PAPC within the PSM suggests that differential adhesion between anterior and posterior cells of adjacent somitomeres may be an immediate downstream consequence of segmental patterning. As is the case for boundaries between developmental compartments in Drosophila, PAPC could conceivably function by restricting cell mixing across the A-P segmental boundary, thus allowing a physical boundary to form at this location when a somitomere gives rise to a somite. To examine this possibility, we used the expression of X-Delta-2 and Hairy2A as a means to mark anterior and posterior cells, respectively, in order to determine whether A-P boundaries are maintained in embryos expressing DN-PAPC or M-PAPC RNA.
As shown in Figure 6 , in embryos injected with DN-PAPC RNA, both the anterior and posterior cell markers of segmental identity were expressed, but the segmental position of these cells was disrupted (Figure 6b,d) . Significantly, the position of X-Delta-2 expressing cells was more disrupted in somitomere 3 and 4 than in somitomere 1 and 2, indicating that PAPC-mediated cell adhesion is not required for the initial establishment but rather the maintenance of segmental identity (Figure 6b,e) . Similar disruptions in the position of X-Delta-2-expressing cells also occurred when embryos were injected with M-PAPC RNA, indicating that ectopic PAPC activity also disrupts segmental boundaries (Figure 6f ). Finally, embryos were also injected with wild-type PAPC mRNA, which did not alter segmental gene expression (Figure 6g ; see Discussion). These results suggest that protocadherinmediated adhesion plays an early role in maintaining segmental gene expression, presumably by preventing cells from mixing across segmental boundaries.
Discussion
Establishment of segmental identity within the PSM of vertebrate embryos involves a patterning mechanism mediated by the Mesp bHLH proteins, components of the Notch signaling pathway, and the Hairy-like WRPW-bHLH proteins. In Xenopus, the output of this patterning process is an on/off repeating pattern of gene expression in which genes such as X-Delta-2, ESR-4/-5, and Thylacine1 are expressed in anterior half segments but off in posterior half segments, whereas Hairy2A is expressed in posterior but not anterior half segments [14] . Following the establishment of segmental gene expression, a morphological boundary forms between the posterior end of one somitomere and the anterior end of its neighbor, thus allowing each somitomere to act as a physical unit that segregates and rotates to form a somite. By analogy with developmental compartments in Drosophila, the establishment of segmental identity in the PSM is likely to set up adhesive differences that establish segmental boundaries [17] . Here, we have presented results indicating that PAPC may link the process of A-P patterning of segments with the generation of A-P boundaries required for segmental morphogenesis.
Factors regulating PAPC expression in the paraxial mesoderm
The pattern of PAPC expression is uniform in the TBD, but resolves into a pattern of stripes and gaps that correspond to 
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anterior and posterior half segments in the somitomeric region. The somitomeric expression of PAPC is in synchrony with the segmental expression of such genes as X-Delta-2, Thylacine1, and ESR-5, with the notable difference that these genes are expressed segmentally one somitomere before PAPC. This one-somitomere delay is consistent with the idea that PAPC expression is regulated indirectly by the patterning mechanisms that establish segmental identity in somitomere 1. Indeed, when these patterning mechanisms are disrupted by CHX treatment, segmental expression of X-Delta-2, ESR-5 and Thylacine1 in somitomere 1 is lost after 1 hour, whereas segmental PAPC expression is not lost until 2 hours. Thus, segmental PAPC expression is likely to be a downstream consequence of the patterning events that establish segmental identity within the PSM.
In Xenopus, as in other vertebrates, segmental identity is likely to be established by the segmental expression of the Mesp bHLH proteins [11, 12, 14, 22] . In this view, segmental identity is imparted on cells as they exit the TBD and lose the expression of Mespo by a mechanism that turns on Thylacine 1 in anterior half segments and off in posterior half segments. One key factor in generating this segmental pattern of expression is the Notch signaling pathway, which is required for repressing Thylacine1 expression in posterior half-segments perhaps as part of the segmentation clock [14] . Several lines of evidence suggest that PAPC expression within the PSM reflects the changes in the expression of the MESP-like bHLH genes that occur during the process of segmentation. PAPC expression in the TBD and the somitomeric regions mirrors that of Mespo and Thylacine1, respectively. Both Mespo and Thylacine1 are potent activators of PAPC expression when ectopically expressed. Finally, the changes in PAPC expression in embryos in which Notch signaling was altered are consistent with changes in Thylacine1 expression. Thus, when Notch signaling was blocked, PAPC expression expanded, as did that of Thylacine1, whereas the expression of both genes was lost in the somitomeric region when Notch signaling is overactive. Together, these results suggest the model in which segmental identity is established by a mechanism that produces a segmental expression of the selector gene, Thylacine1, in somitomere 1, which then establishes the segmental expression of PAPC in somitomere 2 ( Figure 7) . The same scenario is likely to apply to zebrafish embryos, where the homolog of PAPC is expressed in anterior half segments in a pattern that overlaps with, but is downstream of, the segmental expression of Mespa/Mespb [10, 19] . Moreover ectopic expression of Mespb in zebrafish embryos induces ectopic expression of PAPC [10] . Thus, regulation of segmental expression of PAPC by the Mesp proteins may be an evolutionarily conserved mechanism for linking segmental identity to segmental differences in cell adhesion.
PAPC maintains segmental identity
In the model described above, Thylacine1 is a key selector gene during the establishment of A-P segmental identity in a manner analogous to the selector genes that specify compartments during imaginal wing disc development in Drosophila. In this analogy, one aspect of selector gene function is to establish a compartmental boundary that acts as a barrier to cell mixing [17] , as demonstrated in the Drosophila wing disc, where such boundaries form between the dorsal-ventral (D-V) and A-P compartments through the action of the two selector genes apterous and engrailed, respectively. In the case of the A-P compartment, the properties of posterior cells are specified by engrailed and those of anterior cells by Ci, whose activity is regulated by the hedgehog pathway [23] . Ci and engrailed have been proposed to regulate the activity of an unidentified cell adhesion molecule, thus establishing differential adhesion between these two populations of cells and thus a boundary where cell mixing is prevented [23] . In the case of the D-V compartments, the generation of a compartmental boundary by the selector gene apterous appears to be relatively indirect. Apterous is expressed in the dorsal compartment where it activates the expression of fringe, leading to a situation where Notch signaling only occurs between neighboring dorsal and ventral cells. This signaling event induces a specialized group of cells at the D-V boundary, the wing margin, which acts as a barrier to prevent cell mixing [24, 25] . Thus, the role of apterous in restricting cell movement may be indirect since its main role is to set up a signaling cascade that induces a domain with different adhesive properties (for an alternative view see [26] ).
Several lines of evidence indicate that PAPC functions to prevent cell mixing across the A-P boundary between segments in a manner similar to that proposed for the formation of a boundary at the interface between the anterior and posterior compartments in the wing imaginal disc. First, PAPC is a very potent homotypic cell adhesion molecule [18] . Second, its differential expression between Model linking A-P patterning to A-P boundary formation during Xenopus segmentation. Cells leaving the tailbud domain, where they express Mespo (orange), undergo segmental patterning in the transition zone (TZ anterior and posterior half segments appears to be determined directly by Thylacine1 acting as a selector gene. Third, disrupting PAPC activity in embryos led to alterations in segmental gene expression that were consistent with the idea that anterior and posterior cells are intermingled. Although these observations have not demonstrated cell mixing across boundaries directly, it seems very likely that by following X-Delta-2 and Hairy2A expression, one obtains a true reflection of the position of anterior and posterior cells much the same way that reporters for apterous and engrailed have been used in Drosophila to follow the position of cells from different compartments. Significantly, similar disruption of segmental gene expression occurs when PAPC activity is inhibited using DN-PAPC, or when differential activity of PAPC is lost by ectopically expressing M-PAPC. Finally, as predicted by this model, disrupting PAPC activity in embryos led to alterations in somite morphology that are consistent with the idea that the integrity of the segmental compartments has been disrupted, thus preventing proper segmental morphogenesis.
Although the results reported here suggest strongly that PAPC is one component required for maintaining the A-P boundary between segmental compartments, the morphogenetic mechanism required to produce a tissue boundary is likely to be complicated, requiring several components mediating both attractive and repulsive mechanisms. These additional mechanisms presumably explain, for example, why a boundary forms between the interface of anterior and posterior cells of adjacent somitomeres but not between the same interface inside a somitomere. One additional component is the Eph signaling pathway, which has been shown to operate in zebrafish during segmentation to produce a boundary between somites [9, 27] . Segmental expression of PAPC and that of the Eph ligands and receptors is established around the same point in time during segmentation in zebrafish, suggesting that both might co-operate to establish a segmental boundary [9] . Indeed, one important question is whether these two mechanisms interact synergistically or redundantly to restrict cell mixing between somitomeres, or to establish a tissue boundary during somite formation. Finally, we note that PAPC is only one of a number of protocadherins expressed in the PSM (S-H.K., A. Yamamoto, and E.M.D.R., unpublished observations). This complexity of multiple protocadherin activity may be further complicated by the additional mechanisms that regulate the activity of the protocadherins such as PAPC via its intracellular domain rather than by expression. Post-transcriptional modes of regulation, as well as the redundancy of multiple protocadherin activity may be the reason why the misexpression of wild-type PAPC does not disrupt segmental boundaries in a manner observed with the dominant-negative or activated forms of PAPC. Finally we note that redundancy of PAPC function might also explain why somitogenesis occurs normally in mice with a targeted inactivation of a mouse PAPC homolog (A. Yamamoto, and E.M.D.R, unpublished observations). This mouse gene, however, may not be the ortholog of the gene studied here, as it shares only 41% amino acid sequence identity and is not expressed in the TBD.
Conclusions
The results presented here suggest that PAPC acts downstream of segmental identity to maintain segmental integrity required for the formation of segmental boundaries. We have shown that alteration in segmental patterning led to changes in PAPC expression, in a manner consistent with the idea that the bHLH transcription factor Thylacine1 acts as an anterior selector gene to activate PAPC expression. Moreover, in microinjection experiments, PAPC activity was apparently required for preventing anterior and posterior cells from mingling between somitomeres, as marked by X-Delta-2 and Hairy2A expression. Thus, interactions between Thylacine1 and PAPC appears to maintain a segmental boundary between posterior and anterior cells in adjacent somitomeres, much the same way a boundary forms between the anterior and posterior compartments in Drosophila via the selector gene, engrailed.
Materials and methods
RNA synthesis and injection
Synthetic capped mRNA was synthesized by in vitro transcription using SP6 RNA polymerase in the presence of GpppG, from linearized templates. The templates for generating RNA transcripts have been described previously: FL-PAPC, DN-PAPC, M-PAPC [18] ; nLacZ [28] ; X-Su(H)1 DBM and ICD [29] ; Thylacine1 [12] . For synthesis of Mespo transcripts, the full-length Mespo coding region [20] was cloned into the pCS2+ plasmid [28] , linearized with NotI, and transcribed with SP6 RNA polymerase. The capped RNAs were phenol/chloroform extracted, and ethanol precipitated once in the presence of ammonium acetate and twice in the presence of sodium acetate. The synthesized RNAs were resuspended at a final concentration of 100 ng/µl, except for the DN-PAPC RNA which was used at 500 ng/µl. Integrity of the RNAs was assayed by both formaldehyde agarose gel electrophoresis and titration injections. 5-10 nl of mRNA was injected into two separate positions in the equatorial region of a single blastomere at two cell stage. As a negative control, nLacZ RNA alone was injected for each set of experiments.
In situ hybridization
Whole-mount in situ hybridization was as previously described [30] . To determine relative spatial expression patterns between PAPC and other known regulatory factors, stage 20 embryos were bisected sagitally after 1 h fixation in MEMFA (0.1M MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) with surgical blades and fixed for an additional 30 min. Once each half was stained using whole-mount in situ hybridization, the two halves were carefully realigned and photographed. When necessary, axial mesoderm was surgically removed either before or after the in situ hybridization. Templates used to generate probes for in situ hybridization are described: PAPC [18] ; X-Delta-2 and Thylacine1 [12] .
Immunohistochemistry and histology
To visualize somite morphology, embryos were stained using the muscle-specific 12-101 monoclonal antibody [31] . Embryos were incubated with 1:10 dilution of a 12-101 culture supernatant in 20% goat serum and 0.5% Triton X-100 in PBS, for 48 h at 4°C. After extensive washing, embryos were incubated in HRP-conjugated goat anti-mouse secondary antibody for 48 h at 4°C. Following staining in DAB, embryos were postfixed in MEMFA, embedded in paraffin, and sectioned at 10 µm. To examine the cellular arrangement of the presomitic mesoderm, tissue sections were dipped in Xylene to remove paraffin, rehydrated into 1× PBS, stained briefly in 1 µg/ml Hoechst in PBS, washed, and mounted in 2.5% PVA/DABCO solution (polyvinylalcohol/1,4-diazabicyclo [2.2.2] octane)
Cycloheximide treatment
To examine time course effects of cycloheximide on PAPC expression pattern, stage 20 embryos were incubated in 0.1 × MMR with 10 µg/ml cyclohexamide. Embryos were taken out after 1 h, 2 h, and 3 h of incubation, and fixed in MEMFA for in situ hybridization and/or histological examination. Alternatively, embryos were treated for 1 h with CHX, washed and allowed to recovery for 4-6 h. Embryos treated in this way continued to develop normally by extending the tailbud, indicating that the CHX treatment is not toxic. Nonetheless, even after 12 h of recovery, segmental gene expression, and somitogenesis in the CHX-treated embryos was lost.
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